A particle separator utilizing a magnetic field crossed with an rf electric field has been built and incorporated into the M9 secondary channel to produce a clean negative muon beam at 77 MeV/c + 5%. The separator is driven at the main cyclotron frequency (23 MHz) and phase locked to the primary proton beam. Separation is achieved by using both the temporal and velocity differences between the muons, produced near the production target (cloud muons), and both the pion and electron contaminants in the beam.
Introduction
In early beam studies of the M9 stopped pion channel' it was recognized that the intensity of muons in pion beams of -60-120 MeV/c was sufficient to be useful for a number of muon experiments being considered at TRIUMF. These so-called cloud muons are typically about 10% of the pion flux after 8-10 m drift and are produced in pion decay in flight near the production target. They have a well-defined time structure (determined by the cyclotron rf) and momentum bite (determined by the channel acceptance). Moreover they come from a relatively well-defined source near the production target and therefore behave well optically in the channel and can be focused to a good beam spot of high luminosity.
For some experiments, however, the pion and electron contamination in the beam contributes an unacceptable background due to pion decay or capture near the experimental target or causes serious rate problems in detectors; some form of particle separation in the channel is then required.
The inotivation to develop a clean muon beam was enhanced when the experimental program to study exotic decay modes of the muon in a time projection chamber (TPC) was proposed.2 The experiment and detector were well matched to the potential PC stopping rate from M9 of the order of 106 s51 but required pion contamination of <10-2. The time structure of the beam in the momentum range of immediate interest (70-80 MeV/c) suggested separation by an rf field at the cyclotron frequency was possible.
Beam Optics
The layout of the complete beam line is shown in Fig. 1 . The original M9 beam line terminated at the focus F2; the extension was designed to retain this short version and to include two experimental locations after the separator: W3, a general location for several experiments and W4, a fixed location for the TPC facility.
The cloud muons originate from the decay of pions in flight in the vicinity of the production target 1AT2 in the proton beam line BL1A. The vertical source size (determined by the phase space acceptance) seen by the channel at F2 is about 2.5 cm.
The principle of operation can be seen in Fig. 2 separator relamagnetic field. Ideally, pions and electrons arrive 1800 later when the electric field is reversed. Then electric and magnetic forces work in the same direction to deflect these particles.
Consider first the case of dc electric and magnetic fields. Then we have for the deflection of muons, and E are chosen so that y'=O and therefore 300 B = E/6p. But in the case of the rf separator, the electric field has changed sign for the i's and e's so that then for the other particles, p P =6xP ( 00B + ) = l06PE -+ )
Beam calculations were carried out using the programs TRANSPORT and REVMOC. The plate length and gap constraints were first determined from the beam optics.
In addition the plate length is limited by the transit time (3.3 ns/m for electrons, 5.6 ns/m for muons and 6.8 ns/m for pions) which can add to excessive dispersion through the separator. From this and considering the power limitations of the available transmitter, plate dimensions were chosen. The deflections obtainable for i's and e's with these values are y'T = 123 mr and Y'e = 87 mr, respectively. Using these parameters the beam line as a whole was then optimized leading to the positioning and current settings of quadrupole elements in the extension.
In practice it is not possible to have a 180°phase difference between p and X and simultaneously between p and e. At the centre of the separator both iT and e are 1200 out of phase with the v's. The phase of the rf wave shown in Fig. 2 is taken in such a way to maximize muon flux and at the same time minimize the pion contamination. The effect of phase tuning of the separator on the overall muon transmission to the final focus and on the pion and electron contamination is shown in Fig. 3 . A typical example of the separating effect of the separator from REVMOC is given in Fig. 4 for a peak electric field gradient of 17 kV/cm and a magnetic field of 80 G. Figure 4( A drawing of the rf separator is shown in Fig. 5 . The electrodes are cantilevered and supported only at the root of the 100 Q section of line and at the extended end of the inner conductor. The coarse tuning is done via vacuum feedthrough adjusting screws which adjusts the rf liner walls in and out. The fine tuning is accomplished by adjusting the extended end of the inner conductor. This has a combined effect of changing the electrode capacity and the characteristic impedance of the line sections for frequency adjustments.
Beam Tests
The channel was first tuned to obtain maximum transmission with the separator turned off. Beam enters from the left.
RF Tests
The problems encountered were mainly those dealing with high power operation, the first one being the production of several hundred mr/h of X-rays which necessitated the building of shielding walls making the resonator inaccessible during tests. Our first major problem was the failure of finger-stock in the vertical section of the resonator. This was replaced by a clamped knife edge ring. Once the separator was installed in the beam line the major downtime was due to the damage of the beam line vacuum windows from rf leakage. This problem was solved by shielding the windows completely from the electrodes by reducing the beam aperture in the rf liner. The window material was changed from 6.4 pm AQ-mylar to 19 in AZ metal. The pion contamination in beam reaching the TPC target is further reduced by degrading and collimators. The pion contamination here was determined from analysis of events in the TPC itself by observing the number of high energy protons following rr absorption. The pion contamination in the incident beam was determined to be <2 xlO-4. Acknowledgement In order to determine the plate voltage one of the voltage probes was calibrated directly at low power. This gave about a 20% measurement which was compatible with estimates from the power developed and Q. The best confirmation of plate voltage was obtained from the muon beam performance and the optimized value of the crossed magnetic field.
The major operational difficulty with the separator has been a phase instability between the coupling loop and the electrode. When the amplifier-resonator system is optimally tuned, this instability is of the order of +10°maximum and +50 typical. As can be seen from Fig. 
